/g. CO 2 uptake increase was explained by formation of micropores up to diameter of 0.8 nm, which distribution was established from CO 2 sorption using DFT. Surface chemistry of all samples has not changed during modifi cation, what was proven by XPS. Moreover, deeper incorporation of potassium ions into graphite at higher temperatures was observed as confi rmed with EDS, XPS and XRD.
INTRODUCTION
According to NASA data, average global temperature is steadily increasing 1 , resulting in 2017 with the highest change of temperature relative to 1951-1980 average temperatures. The full consequences of such an increase are unknown to mankind and one can only speculate on possible outcomes of global warming. The most obvious scenario is a rise in sea level by 0.8 m by the end of the century 2 , due to melting of glaciers. The phenomenon of increasing temperature is attributed to intensifying greenhouse effect. The greenhouse effect is a blockage of secondary radiation emitted by the Earth's surface after absorption of primary solar radiation. This mechanism results in the accumulation of excessive energy, which makes the Earth's surface warmer -compared to a case without greenhouse gases in the atmosphere 3 . Outgoing radiation is absorbed by so called greenhouse gases, like methane, water vapor and carbon dioxide. It was proven that the concentration of CO 2 has increased in the atmosphere by over 120 ppm since the industrial revolution. The preindustrial level used to be 280 ppm 4 and in May 2018 the CO 2 concentration was 404 ppm 5 . Emissions of CH 4 and H 2 O (g) are virtually impossible to control. On the other hand, CO 2 emission could be divided on two sources -natural and anthropogenic. The second one can be in some way controlled, due to its origin from industry, chemical processes and burning of fossil fuels. Therefore, there has been interest in comprehensive research to reduce carbon dioxide emission to the atmosphere, to abate further climate changes. The extensive discussion about anthropogenic CO 2 impact both positive and negative is discussed elsewhere 6 . One of the leading ideas of reducing CO 2 emission is Carbon Capture and Storage (CCS). CCS techniques today are mainly focused on separation of carbon dioxide from fl ue gases and its storage e.g. underground in geological formations. CCS may signifi cantly contribute to lowering the CO 2 levels and thus alleviate climate change.
One of the methods of carbon dioxide separation is a post-combustion method 7 , which is crucial for many countries using fossil fuels to generate electric energy.
Complete combustion of carbonaceous materials in conventional power plants produces a limited number of products, mainly CO 2 and H 2 O (g) diluted in nitrogen which is the main constituent of fl ue gases. Carbon dioxide can be separated from the exhaust or residual gas and after water removal prepared for its storage or usage. The advantage of post-combustion method is its relatively low cost of implementation in already existing installations and low complexity compared to building new facilities or inventing new technologies. On the other hand the operational costs may be higher compared to facilities designed from scratch for CCS.
The CCS technology requires appropriate CO 2 sorbents. The most promising materials for post-combustion removal of CO 2 The properties of the activated carbon may be tailored for particular application. The surface chemistry may be appropriately modifi ed to adsorb desired molecules. Moreover, the content of inorganic impurities may vary due to origin of carbonaceous materials, and has an impact on the AC's properties 6 . This is the reason why researchers investigate so-called model systems like carbon nanotubes, which do not have mineral content and thus the impact of modifi cations on properties is considerably easier to understand 32 . However, even for model carbonaceous systems the understanding of undergoing phenomena during sorption of gases is not complete, due to their complexity. In this paper the activation process of carbon with KOH is investigated to fi nd the relations between process parameters and resulting AC's structure.
Activation process with KOH has been described very well in scientifi c literature 20, 23, 33, 34 . Nevertheless, most of the authors rarely provide results of activation with more than one variable, for instance changing only KOH/carbon ratio 23 or changing only the temperature 22 . Tiwari et. al 33 performed experiments with different KOH loading at the same temperature and one particular ratio at extra three different temperatures. However, micropore size distribution was not calculated, which is crucial for sorption of CO 2 . Presser et. al 35 confi rmed that pores up to 0.5 nm and 0.8 nm in diameter are crucial for carbon dioxide uptake at 0.1 and 1 bar respectively. Moreover, already activated material can be further activated to develop new porous structure, depending on KOH/carbon ratio, temperature and time of activation. Calculating pore size distributions allows to determine what pores are being created in specifi c conditions, thus it give an opportunity to obtain desired material for particular application.
The goal of this research is an extension of general knowledge about carbon activation with potassium hydroxide and the related micropore distributions -by presenting results of secondary activation of commercial AC with different KOH loadings at different temperatures. The additional goal is recipe for enhancement of commercially available ACs toward better CO 2 uptake under ambient temperature and pressure. Therefore, the samples after secondary activation were thoroughly characterized and tested with respect to CO 2 uptake.
EXPERIMENTAL

Material and methods
Activated carbon ORGANOSORB 10-CO (AC) was obtained from company DESOTEC (Roeselare, Belgium). Potassium hydroxide (reagent grade, CHEMPUR) and hydrochloric acid (35-38% p.a., CHEMPUR) were used for the activation. 5.0 nitrogen was used as the inert atmosphere for the activation process and for BET measurements. In case of carbon dioxide uptake measurements, the gas purity was 4.5.
Additional activation of AC
This paper provides results of activation with mass ratios of potassium to AC (K/AC) equal to 1:1, 2:1, 3:1. The commercial AC was thoroughly characterized elsewhere 6 . Commercial material was washed with solution of hydrochloric acid to remove already present potassium and washed with distilled water up to pH ~7. Such material will be further referred as 10CO_pristine.
Commercial AC was activated in following manner:
The appropriate mass of KOH was dissolved in 20 ml of deionized water. The AC was added to the solution, stirred for 30 minutes and placed in drying oven at 100 o C overnight to evaporate the water. Each of the K/AC ratio was activated at temperatures of 600, 700 and 800 o C for 2 hours under 100 ml/min fl ow of nitrogen. After activation each sample was washed with hydrochloric acid to remove any residual potassium from the material followed by washing with water up to ~7 pH. The materials obtained during additional activation process with KOH will be further referred as 10CO_X_Z, where X stands for temperature of activation and Z stands for K/AC mass ratio.
Characterization methods
Nitrogen adsorption-desorption isotherms at -196 o C and relative pressure up to 0.99 were measured (Quantachrome; Autosorb Instrument). Those isotherms were used for the calculation of specifi c surface area (SSA) using Brunauer-Emmett-Teller (BET) equation. Density functional theory (DFT) was used to determine pore size distributions (PSD) from -adsorption-desorption isotherms of nitrogen at -196 o C and carbon dioxide at 0 o C. The pore size measurement ranges were 1.2-2.0 nm and 0.3-1.2 nm for PSD of micropores and submicropores respectively. Please note that later in the paper as a volume of submicropores (V submicro ) will be given the narrower range i.e. 0.3-0.8 nm, because it is well established in literature that pores up to 0.8 nm are crucial for carbon dioxide adsorption for pressures up to 1 bar 35 , and one of the goals of this paper is a preparation of CO 2 sorbents with good performance under ambient pressure, i.e. up to 1 bar.
Scanning electron microscopy (SEM) (SU8020; Hitachi) with energy dispersive X-ray spectrometer (EDS) analysis was used to determine morphology and elemental composition of selected samples.
The X-ray photoelectron spectroscopy measurements were performed in a commercial multipurpose (XPS, LEED, UPS, AES) UHV surface analysis system (PRE-VAC), which is operating at a base pressure in the low 10 -10 mbar range. The UHV system consist of two main chambers. The preparation chamber gives the possibility of cleaning and control of the surface composition by Auger spectroscopy (AES) and low-energy electron diffraction (LEED). The analysis chamber is equipped with nonmonochromatic X-ray photoelectron spectroscopy (XPS) and kinetic electron energy analyzer (SES 2002; Scienta). The calibration of spectrometer was performed using Ag 3d 5/2 transition. The sample in the form of fi ne powder was thoroughly degassed prior measurement so that during XPS measurements the vacuum was in the low 10 -9 mbar range. The X-ray photoelectron spectroscopy was performed using Al K α (hν = 1486.6 eV) radiation. The measurements were performed for binding energies corresponding to O 1s, C 1s and K 2p regions. CasaXPS version 2.3.16Dev39 was used for evaluation of results. Possible charging effects were calibrated with respect to the C1s signal -which is commonly used as it is on the surface of investigated materials as impurity 36 . X-ray diffraction patterns of AC's were acquired by using an Empyrean diffractometer (PANalytical), equipped with a wide angle detector (PIXcel) and a monochroma-tor which greatly lowered the signal to noise ratio. Data were collected over a 2θ range of 10÷60 o using copper radiation (λKα1 = 0.154056 nm).
RESULTS AND DISCUSSION
Textural characterization
All of obtained samples were characterized in terms of textural properties, like SSA and PSDs of meso-and micropores via nitrogen sorption. Moreover submicropore volume and distribution was determined via CO 2 sorption. Table 1 
Isotherms of nitrogen adsorption/desorption at -196
o C of pristine material were compared with isotherms of most interesting modifi ed samples and presented in Figure 1 . All of the isotherms exhibits type I and IV behavior according to IUPAC. Type I indicates presence of micropores, due to fast adsorption of N 2 at low P/ P 0 . On the other hand, type IV indicates presence of mesopores, due to hysteresis phenomenon in the range 0.4-0.8 of P/P 0 .
Nitrogen sorption at -196 o C is used to calculate PSD for mesopores, using DFT theory. Distributions for three selected samples are presented in Figure 2 .
Secondary activation signifi cantly increases mesopore volume in the 2-5 nm range: from 0.11 to 0.15 and 0.24 Table 1 . Textural properties of presented samples. The highest values were bolded As presented in Table 1 , the most interesting samples are 10CO_700_2 and 10CO_800_3 with the highest CO 2 sorption capacity and the highest specifi c surface area respectively. It may be seen that the highest carbon dioxide uptake does not correlate with the highest SSA, but do correlate with pores of diameter up to 0.8 nm. Interestingly, the samples 10CO_pristine and 10CO_800_3 with similar submicropore volume of 18 cm 3 /g exhibit signifi cant differences in CO 2 uptakes, i.e. 3.90 and 4.28 mmol/g respectively. Most likely the discrepancy results from differences in SSA: 1225 and 1717 m 2 /g respectively. This indicates that CO 2 uptake is a function of submicropore volume and SSA.
One can notice that for each activation temperature the specifi c surface area is increasing with increasing ratio of K/AC. The submicropore volume is highest for K/AC=2 cm 3 /g for 10CO_pristine, 10CO_700_2 and 10CO_800_3 respectively. The pore volume is proportional to the area under the curve in Figure 2 . The mesopores are responsible for hysteresis phenomenon during nitrogen adsorption/desorption from Figure 1 .
Basing on obtained data, some correlations were observed and presented in Figure 3A and 3B. It is clear from Figure 3 that total and micropore volumes increase linearly with temperature of activation. The effect of K/ AC ratio is also visible.
It is clearly visible that all samples contain narrow holes, which indicates its organic origin -commercial activated carbon 10CO was obtained from coconut shell. There were not observed any visual changes in morphology of secondary activated AC. This notion is fully consistent with other results. The changes in the materials induced by secondary activation occurs in nanometric scale and do not infl uence material in macroscale.
EDS analysis
To study the impact of structural changes on carbon dioxide sorption, removal of potassium was necessary. The presence of potassium compounds could infl uence the uptake, resulting in an overstated value. Therefore, Table 1 .
According to literature data the most important pores responsible for high CO 2 uptake are submicropores of size up to 0.8 nm at 1 bar. Figure 5 presents pore size distributions calculated with non-linear density functional theory (NLDFT) method. Clearly the secondary activation has an impact on the distributions. However, cumulative pore volume of submicropores up to 0.8 nm is the same for sample 10CO_pristine and 10CO_800_3, as presented in Table 1 . Sample 10CO_700_2 has the highest submicropore volume in the range 0.3 -0.8 nm. However the sample 10CO_800_3 has prominent peak from pores in the range 0.8-1.0 nm. Therefore one may expect good performance in CO 2 sorption at pressure higher than 1 bar.
SEM characterization
Scanning electron microscopy was used to determine the structure of the activated carbon. Micrographs presented in fi gure 6 were taken using accelerating voltage of 5 kV at 4000x magnifi cation.
EDS analysis was used to confi rm elemental composition of the sample after secondary activation. Results of this analysis are presented in Table 2 . Fig. 7 shows potassium K α and K β X-ray transitions used to evaluate concentration. The HCl treatment followed by washing with distillated water signifi cantly reduces potassium content in pristine sample, which is 1.45 at.% prior washing out
6
. The same process of washing out potassium with HCl led to different potassium content. The highest content is in the pristine sample. This indicates that potassium is trapped in the structure of AC. After modifi cation of the porous structure by secondary activation with KOH, the potassium can be washed out in higher degree.
Nevertheless, some amount of potassium remained in samples. The higher potassium content in the 10C_800_3 may result from deeper penetration of graphitic layers by potassium ions thereby preventing its complete removal.
XPS analysis
X-ray photoelectron spectroscopy analysis provided information about changes in chemical composition of the material's surface. XPS also confi rmed the presence of potassium in the pristine sample with two distinctive peaks overlapped with the C 1s spectrum. The EDS quantitative results enabled us to improve the model used in spectrum deconvolution. Table 3 presents atomic concentrations of carbon, oxygen and potassium in the chosen samples. It was assumed that potassium would be present in the form of potassium carbonate, therefore contribution of this compound was taken into account, while calculating area, either of C 1s and O 1s spectra.
It was observed that concentration of carbon was higher for modifi ed samples than in pristine material. It could be caused by thermal desorption of some functional groups, made of carbon and oxygen
37
. Interestingly concentrations of potassium obtained with XPS and EDS in samples 10CO_700_2 and 10CO_800_3 are apparently not in agreement. However, with XPS the depth of analysis is roughly 1 nm, while in case of EDS it is roughly 1000 nm. This suggests that at higher temperature potassium is being incorporated deeper in carbon and thus its signal is attenuated in XPS analysis. This is also in line with . Potassium EDS spectra of three samples. K α and K β transitions of potassium were labeled at particular peaks Table 2 . EDS results of potassium removal Figure 8 present contributions of those constituents and deconvolution of C 1s spectrum for the pristine sample, respectively. of 10CO_800_3 sample the shift is the highest and the intensity of (002) refl ection is signifi cantly lower compared to other samples. The highest shift correlates with the high concentration of potassium ( Table 2 ). The pristine sample has the highest potassium content, but the lowest shift. Therefore, in case of pristine sample the potassium compound must be in the form of agglomerations, while in case of other samples in the form of intercalates.
The intensity of other refl ex is comparable. Lower intensity may be result of transformation of material into amorphous form. The diffraction phenomena occurs only on ordered materials. If the graphitic layers will be distorted in such a way that they will be not parallel then one may expect that the diffraction will vanish resulting in lower intensity. The low crystallinity of sample 10CO_800_3 is in line with other result showing deep penetration of this material with potassium cations.
CONCLUSIONS
Through secondary activation of AC the higher SSA and pore volume may be obtained. Activation at the highest temperature of 800 o C with the highest ratio of K/AC = 3 provides the highest SSA (1717 m 2 /g, 40% increase). Lower temperature (700 o C) and lower ratio K/AC = 2 resulted in highest CO 2 uptake (4.54 mmol/g at 0 o C, 1 bar, 16% increase), due to increase of submicropores volume (from 0.18 cm 3 /g to 0.25 cm 3 /g, 39% increase). XPS measurement clearly indicates that the chemistry of the surface has not changed after second activation. Therefore the observed changes in CO 2 uptake must result solely from changes in pore size distribution and SSA. The highest CO 2 uptake correlates with the highest volume of submicropores. However, samples with the same volume of submicropores exhibit differences in CO 2 uptake, due to the differences in SSA. High temperature treatment at 800 o C resulted in slight decrease of COOH groups over AC surface and deeper incorporation of Table 4 . Constituents originating from C 1s signal The provided data suggests partial removal of potassium and the COOH group, due to reducing their constituents. Potassium (already present and added as activating agent) was removed via hydrochloric acid treatment after the activation step. Carboxylic groups are decomposed with high temperature treatment, due to the lowest temperature (100-250 o C) of decomposition
37
. Nevertheless changes in the other components are neglible, therefore one may conclude that secondary activation has not changed the chemistry of the surface. Therefore, the chemistry of the surface cannot be responsible for observed changes in CO 2 uptake. This is an important conclusion because observed changes in CO 2 uptake must then result from changes in pore size distributions and SSA. Figure 9 presents XRD spectra of most interesting samples. There are visible two broad XRD refl ections. The (002) refl ection originates from graphitic layers. Shifting of this refl ection toward lower angles indicates increase of distance between crystallographic planes. Such shift is visible in case of 10CO_700_2. It is expected that incorporation of potassium cations between graphitic layers will result in distance increase. In case potassium ions in carbonaceous material as confi rmed by XPS, EDS and XRD data.
XRD analysis
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